Evaluation of crop N status will assist optimal N management of intensive vegetable production. Simple procedures for monitoring crop N status such as petiole sap [NO 3 − -N], leaf N content and soil solution were evaluated with indeterminate tomato and muskmelon. Their sensitivity to assess crop N status throughout each crop was evaluated using linear regression analysis against nitrogen nutrition index (NNI) and crop N content. NNI is the ratio between the actual and the critical crop N contents (critical N content is the minimum N content necessary to achieve maximum growth), and is an established indicator of crop N status. Nutrient solutions with four different N concentrations (treatments N1-N4) were applied throughout each crop. Average applied N concentrations were 1, 5, 13 and 22 mmol L −1 in tomato, and 2, 7, 13 and 21 mmol L − ] in the root zone was not a sensitive indicator of crop N status. Of the three systems examined for monitoring crop/soil N status, petiole sap [NO 3 − -N] is suggested to be the most useful because of its sensitivity to crop N status and because it can be rapidly analysed on the farm.
Introduction
Excessive N supply and consequent nitrate (NO 3 − ) leaching loss commonly occur with intensive vegetable production, as reported in diverse regions such as south-eastern (SE) Spain (Pulido-Bosch et al., 2000; Gallardo et al., 2006) , central Italy (Benincasa et al., 2011) , Florida, USA (Zotarelli et al., 2007) , and China (Min et al., 2011) . There is a pressing requirement to improve the N management of vegetable crops. Assessment of crop or soil N status, throughout a crop or at key times, to detect N deficiency or excess, and to permit subsequent corrective management, has been proposed as an approach to improve N management . Such assessment would be particularly useful for vegetable crops grown, in soil, with combined drip irrigation and fertigation where the common practice of frequent N application provides the opportunity for rapid corrective management.
Various approaches have been considered for assessing crop N status, ranging from relatively simple methods based on analysis of the total N or NO 3 − content of plant tissue, hereafter referred to as traditional methods, to sophisticated remote sensing approaches such as the use of proximal optical sensors (Fox & Walthall, 2008; Samborski et al., 2009; Thompson et al., 2013; Padilla et al., 2014 Padilla et al., , 2015 . Traditional approaches include the determination of the NO 3 − concentration ([NO 3 − ]) of petiole sap (Hochmuth, 1994) , the total N content of leaf tissue (Geraldson & Tyler, 1990) , and the [NO 3 − ] of the soil solution (Hartz & Hochmuth, 1996) . For growers, the use of these traditional methods on the farm is relatively simple, and they have no large initial purchase cost as is the case with many proximal optical sensors.
Petiole sap NO 3 − analysis measures the [NO 3 − -N] in conducting tissue, and is considered to be a sensitive indicator that reflects crop N status at the time of sampling (Burt et al., 1995; Goffart et al., 2008) . The sensitivity of sap [NO 3 − -N] to crop N status has been demonstrated in various vegetable crops, including processing tomato (Prasad & Spiers, 1984 , 1985 Fontes & Ronchi, 2002; Farneselli et al., 2014) , pepper (Olsen & Lyons, 1994) and potato (Zhang et al., 1996) . The use of small rapid analysis systems enables on-farm measurement of sap [NO 3 − -N] to be made immediately after sampling (Hartz et al., 1993; Farneselli et al., 2006; Thompson et al., 2009) , thereby providing an immediate in-situ assessment of crop N status.
Measurement of leaf N content is a long established method of plant analysis (Geraldson & Tyler, 1990; Burt et al., 1995; Goffart et al., 2008) . Most commonly, the most recently fully expanded leaf is sampled. As for soil testing approaches, monitoring of the soil solution [NO 3 − ] has been suggested to be a monitoring approach suitable for greenhouse soils (Sonneveld et al., 1990; Sonneveld & Voogt, 2009) . Recent studies in the greenhouse-based vegetable production system of SE Spain have demonstrated that controlling the [NO 3 − ] of soil solution, sampled with ceramic cup soil solution suction samplers, can reduce N fertiliser use and NO 3 − leaching loss (Gallardo et al., 2006; Granados et al., 2013) . As with sap [NO 3 − -N], analysis of soil solution can be conducted on-farm using rapid analysis systems (Thompson et al., 2009) . Sufficiency values of soil solution [NO 3 − ] of >5 mmol L −1
have been recommended for vegetable crops in California (Burt et al., 1995; Hartz & Hochmuth, 1996) and are used in commercial farming practice in Israel (S. Kramer, Israeli Foreign Ministry, personal communication). Granados et al. (2013) suggested a sufficiency range of 8-12 mmol L −1 . The suggested sufficiency values for soil solution are generic values independent of species. Moreover, proposed sufficiency values have generally been based on observations related to production (Sonneveld & Voogt, 2009; Granados et al., 2013) . Their sensitivity to crop N status has yet to be evaluated.
The sensitivity of sap [NO 3 − -N] and of leaf N content to assess crop N status has been reported to be influenced by factors such as species, growing conditions and timing of N fertiliser application (Goffart et al., 2008) . It has been suggested that the sensitivity of these methods and sufficiency values need to be determined for each combination of species and cropping system (Goffart et al., 2008) . However, inter-site comparisons have not yet been conducted. Demonstration of shared relationships to crop N status and of shared sufficiency values for a given species under different cropping conditions (sites, cropping system) would have important practical implications.
To evaluate a monitoring technique that assesses crop N status, it is necessary to relate measurements from that technique to an indicator of crop N status. The nitrogen nutrition index (NNI) is an effective and established indicator of crop N status (Lemaire et al., 2008) . The NNI is the ratio between actual crop N content and the critical crop N content (i.e. the minimum N content necessary to achieve maximum growth of a crop) (Greenwood et al., 1990) . Values of NNI of <1 indicate N deficiency, values of >1 indicate N excess, and values of ≈1 indicate N sufficiency (Lemaire et al., 2008) . The determination of NNI values requires a critical nitrogen curve (CNC) (Greenwood et al., 1990) specific to the given species and cropping conditions. The use of NNI is an established approach to evaluate the effectiveness of monitoring approaches to assess crop N status (Lemaire et al., 2008; Ziadi et al., 2008; Errecart et al., 2012; Farneselli et al., 2014) .
There are an estimated 170,000 ha of Mediterraneanstyle plastic greenhouses within the Mediterranean Basin (Pardossi et al., 2004) , of which the largest concentration is the 27,000 ha in the province of Almeria, SE Spain (Castilla et al., 2004; Pardossi et al., 2004) .
Indeterminate tomato and muskmelon are important crops in the greenhouse-based vegetable production system of Almeria, SE Spain (Valera-Martínez et al., 2014) . Depending on prices, indeterminate tomato is either the most or second most important vegetable crop (along with sweet pepper) in this horticultural system (Valera-Martínez et al., 2014) . Nearly 8,700 ha are dedicated annually to this crop, which is commonly grown from August to February (autumn-winter cycle) or from February/March to June (spring cycle). Muskmelon is an important spring-summer crop being grown on 3,800 ha each year. It is most commonly grown with short cropping cycles of 3-4 months from February/March to June (Valera-Martínez et al., 2014) .
Simple easy to use, monitoring techniques such as determination of petiole sap [NO 3 − -N], leaf N content and soil solution [NO 3 − ] may contribute to improved crop N management of tomato and muskmelon in this and other vegetable production systems. Very little information is available regarding the sensitivity of these techniques with indeterminate fresh-market tomato and muskmelon crops grown in greenhouses within the Mediterranean region. The sensitivity of petiole sap [NO 3 − -N] and leaf N content to assess crop N status of processing tomato was recently evaluated in open field conditions (Farneselli et al., 2014) . However, the different phenology of indeterminate fresh market tomato may cause appreciably different growth and N uptake patterns to that of processing tomato which may influence the relationship of crop N status to petiole sap [NO 3 − -N]. For leaf N analysis and soil solution [NO 3 − ], there are very few published studies assessing the sensitivity of these methods to assess crop N status of indeterminate tomato and muskmelon.
Few studies of these three monitoring techniques have been conducted with very frequent N application that occurs with combined fertigation and drip irrigation systems. The timing of fractionated N applications can influence petiole sap [NO 3 − -N] (Goffart et al., 2008) . Therefore, there is a requirement to examine the relationship of petiole sap [NO 3 − -N] to crop N status under conditions of frequent N application that may reduce the effects of fractionated N fertiliser application on petiole sap [NO 3 − -N]. The objectives of the present study were: (a) to evaluate the use of petiole sap [NO 3 − -N], leaf N content and soil solution [NO 3 − ] to assess crop N status throughout fertigated crops of indeterminate tomato and muskmelon, using the NNI and crop N content, (b) 
Materials and methods

Experimental site
A tomato (Solanum lycopersicum L. 'Ramyle') and a muskmelon (Cucumis melo L. 'Tezac') crop were grown in soil in a representative plastic greenhouse at the Experimental Station of the University of Almería, located in Retamar, Almería, SE Spain (36 ∘ 51 ′ N, 2 ∘ 16 ′ W and 92 m elevation). The greenhouse had a multi-span structure of galvanised steel with polycarbonate walls and a roof of low density polyethylene (LDPE) tri-laminated film (200-μm thickness). It had no heating, and had passive ventilation (lateral side panels and flap roof windows) and an east-west orientation, with crop rows aligned north-south. The cropping area was 1,327 m 2 . The soil was an artificial layered 'enarenado' typical of the region (Thompson et al., 2007) , consisting of a 30 cm layer of imported silty loam soil placed over the original silty loam soil and a 10 cm layer of fine gravel (mostly 2-5 mm diameter) placed on the imported soil as a mulch. At greenhouse construction in July 2007, 5 cm of sand was mixed into the surface of the original soil to improve infiltration prior to adding the layer of imported silty loam soil, and 200 m 3 ha −1 of sheep manure (63% dry matter, 1.7% total N content and 0.7 t m −3 density) was mixed into the top layer of the imported silty loam soil, prior to adding the gravel layer, consistent with established local practice (Céspedes López et al., 2009) . More details of soil properties are presented in Soto et al. (2014) .
Above-ground drip irrigation was used for combined irrigation and mineral fertiliser application (i.e. fertigation). Drip tape was arranged in paired lines with 0.8 m spacing between lines within each pair, 1.2 m spacing between adjacent pairs of lines, and 0.5 m spacing between drip emitters within drip lines, giving an emitter density of 2 emitters m −2 . The compensating emitters had a discharge rate of 3 L h −1 . The greenhouse had different fertigation sectors, with four replicate plots per sector, arranged in a randomised block design. Each plot measured 6 × 6 m and contained three paired lines of drip tape with 12 drip emitters in each line. One plant was positioned 6 cm from and immediately adjacent to each dripper, giving a plant density of 2 plants m −2 and 72 plants per replicate plot. The greenhouse was divided longitudinally into northern and southern plots by a 2 m path along its east-west axis, with two plots of each fertigation sector in the northern and southern sectors. There were border areas along the edges of the greenhouse. 
Crops and experimental treatments
The indeterminate tomato crop was transplanted as 6-week-old seedlings on 14 March 2011 and grown until 14 July 2011 (122 days from transplant to end); the muskmelon was transplanted as 5-week-old seedlings on 19 April 2010 and grown until 6 July 2010 (78 days from transplant to end). Before transplanting, a series of large irrigations (total volumes of 510 and 400 mm for tomato and muskmelon, respectively) were applied to leach residual soil NO 3 − and to homogenise the soil profile between sectors. The soil mineral N content to 60 cm depth at transplanting was on average 15 kg N ha
for all plots in muskmelon and in N1 to N3 plots in tomato, and 66 kg N ha −1 in N4 plots of tomato. For the first 6-8 days after transplanting, seedlings were irrigated with water (0.7 mmol N L −1 ). Following local practices, a nutrient solution of 4.5 and 2.3 mmol N L −1 for tomato and muskmelon, respectively, was applied from 9 DAT in tomato and 7 DAT in muskmelon until the commencement of the experimental treatments on 28 and 23 DAT in tomato and muskmelon, respectively. The amounts of mineral N applied during the post-transplanting irrigation and establishment phases were 0.1 kg N ha −1 and 4.3 kg N ha −1 in tomato and 0.7 and 5.3 kg N ha −1 in muskmelon, respectively. Once initiated, the N treatments were continued until the end of the crops.
In each crop, four experimental treatments were applied consisting of four different N concentrations in the nutrient solution applied by fertigation in every irrigation. The intended N treatments ranged from very deficient N to excessive N according to the N concentration in the applied nutrient solution. In tomato, the average applied N concentrations (NO 3 − -N + NH 4 + -N) during the treatment period (28-122 DAT) were 1.1, 5.2, 13.4 and 21.7 mmol L −1 for the very N deficient (N1), N deficient (N2), conventional N management (N3) and excessive N (N4) treatments, respectively. In muskmelon, average applied N concentrations (NO 3 − -N + NH 4 + -N) during the treatment period (23-78 DAT) were 1.6, 6.9, 13.4 and 20.9 mmol L −1 for the intended very N deficient (N1), intended N deficient (N2), conventional N management (N3) and excessive N (N4) treatment, respectively. The N treatments were based on varying the NO 3 − concentration; the ammonium (NH 4 + ) concentration was 0.3-0.5 mmol L −1 . Other than N, complete nutrient solutions were applied, to ensure that all other nutrients were not limiting. The total amounts of mineral N applied during the treatment period were in tomato: 23, 147, 421 and 672 kg N ha −1 for N1, N2, N3 and N4, respectively (Fig. 1a) , and in muskmelon were: 28, 124, 245 and 380 kg N ha −1 for N1, N2, N3 and N4, respectively (Fig. 1b) . The volume of each individual irrigation in each The crops were managed following local practices, being periodically pruned, harvested and supported by nylon cord guides to maintain an open canopy structure. Irrigation was scheduled to maintain the soil matric potential in the root zone, at 12 cm depth (from the surface of the imported soil layer) within −15 to −40 kPa; one tensiometer (Irrometer, Co., Riverside, CA, USA) per plot was used to measure soil matric potential. Irrigation was applied every 1-3 days, with irrigation being more frequent during warmer periods and less frequent during cooler periods. Topping (the removal of the apical shoot to arrest stem elongation) was conducted in tomato at 72 DAT when there were eight trusses per plant and in muskmelon at 39 DAT when there were eight fruits per plant in all treatments. Pollination was conducted by introducing, into the greenhouse, bumblebees and bees for the tomato and muskmelon crops, respectively. High temperature within the greenhouse was controlled by white-washing the plastic cladding with applications of 0.10-0.25 kg L −1 of CaCO 3 suspension. In tomato, there were three applications, at 25, 50 and 73 DAT after which the white-washing was maintained until the end of the crop. In muskmelon, there was an application of 0.15 kg L −1 of CaCO 3 suspension on 29 DAT which was maintained until the end of the crop.
Measurements
Petiole sap 
and leaf N content
The [NO 3 − -N] in petiole sap and leaf N content were determined every two weeks throughout the indeterminate tomato and muskmelon crops. In the indeterminate tomato crop, these measurements were from 23 DAT, prior to the commencement of the different N treatments on 28 DAT, until the end of the crop. In muskmelon, measurements were made from 30 DAT, shortly after commencement of the different N treatments on 23 DAT, until the end of the crop.
For each determination of petiole sap [NO 3 − -N] and leaf N content, the most recently fully expanded leaf from each of six different plants in each replicate plot were removed. After topping (removal of plant apical tissue), equivalent leaves on all plants were sampled from the upper part of the canopy. Upon sampling, leaves were enclosed in sealed plastic bags, from which air had been squeezed, and were immediately refrigerated before processing in the laboratory within 6 h of sampling. Petioles were removed from each leaf, cut into 1 cm long pieces and then squeezed with a manual garlic press. The resulting juice from the six petioles of each replicate plot was diluted and filtered before analysis of [NO 3 − -N] with an automatic continuous segmented flow analyser (model SAN++, Skalar Analytical B.V.). The leaf blades were oven dried at 65 ∘ C until constant weight and ground sequentially in a knife mill and ball mill. The total N content of each sample consisting of six leaf blades from each replicate plot was determined using a Dumas-type elemental analyser system (model Rapid N, Elementar Analysensysteme GmbH, Hanau, Germany).
Soil solution sampling
At the beginning of the two crops, two replicate soil solution suction samplers (model 1900 L12, Soilmoisture Equipment Co., Santa Barbara, CA, USA) were installed at 12 cm depth in each replicate plot of each treatment. Depths are in relation to the surface of the imported soil layer. The soil solution suction samplers were installed at 8 cm from the plant and 5 cm from the emitter line. At weekly intervals, samples of soil solution were collected by applying vacuum (−70 kPa) for 24 h prior to sample collection; no irrigation/application of nutrient solution was made during the 24 h period of sample collection and during the 24 h prior to the application of vacuum. The [NO 3 − ] and [NH 4 + ] were analysed using an automatic continuous segmented flow analyser (model SAN++, Skalar Analytical B.V.). The [NH 4 + ] was always negligible.
Determination of crop dry matter production and N content
Above-ground dry matter production (DMP) during the crop was measured by periodic biomass sampling (approximately every 14 days), by removing two complete plants in each replicate plot. All fresh material of each biomass component (stem, leaf and fruit) was weighed and dry matter content determined by oven-drying representative sub-samples (approximately 20% of fresh weight) at 65 ∘ C until constant weight. DMP for each biomass sampling was calculated by multiplying the fresh weight and dry matter percentage of each component, and then summing the mass of dry matter of the three biomass components. At transplanting, dry matter mass was determined for 100 seedlings. At each pruning during the crop, pruned dry matter mass was determined in leaf and shoot material as described previously, from eight marked plants in each replicate plot; the same eight plants were used for all prunings. Fruit production was collected from the same eight marked plants. In tomato, mature red fruits were successively harvested; at each of the four harvests of red fruit, fresh and dry weights were determined. In muskmelon, all mature fruit was harvested once on 78 DAT; fresh and dry weights were determined. The final biomass sampling at the end of each crop was conducted using the same eight plants; total fresh weight was measured and the percentages of fresh weight as leaf, stem and un-harvested fruit were determined on two of the eight plants; dry matter content was determined as described previously.
DMP, at each biomass sampling, was considered as being either (a) total DMP or (b) standing biomass DMP. Total DMP was calculated as the sum of dry matter mass of leaf, shoot and fruit on that sampling date plus all previously sampled pruned material and harvested fruit, which accounted for 42-48% of total DMP at the end of the tomato crop. Standing biomass DMP 
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represented the dry matter present in the greenhouse at a particular time as leaf, stem and fruit and did not include previously removed pruned or harvested fruit material. Final total DMP was the sum of dry matter of leaf, shoot and un-harvested fruit on that date, and of all previously harvested fruit and pruned material.
Representative samples of leaves, stems and fruit from each biomass sampling, and of pruned material and harvested fruit, from each replicate plot, were ground sequentially in knife and ball mills. Total N content (%) of each sample was determined using a Dumas-type elemental analyser system (model Rapid N, Elementar Analysensysteme GmbH). The mass of N in each relevant component was calculated from the %N and corresponding mass of dry matter.
As with DMP, crop N uptake (kg N ha −1 ) was considered as being either (a) total crop N uptake or (b) standing biomass crop N uptake. Mean values (for total and standing biomass) of crop N uptake and DMP for each biomass sampling date were determined for each treatment from the four replicate plots. Standard errors (SE) of means were calculated. Crop N content (%N) for each biomass sampling was calculated, for each treatment, as crop N uptake divided by DMP. Crop N content was calculated as both: (a) total crop N content or (b) standing biomass crop N content. The former was the N content (%N) of all biomass produced to a certain date; the latter was the N content (%N) of N present in above-ground plant material on that date. Standing crop N content (%N) values were used for evaluating the sap and leaf N measurements in terms of crop N content. Interpolated values of crop N content (both total and standing biomass) were derived for dates of sap and leaf N measurement that were intermediate to biomass sampling dates.
Evaluation of sensitivity of plant measurements to detect crop N status
The crop N status was evaluated through the use of the NNI. NNI values were calculated for each treatment as the ratio between (a) the measured or interpolated total crop N content and (b) the critical N content (Lemaire et al., 2008) . For indeterminate tomato, the critical N curve (CNC) of Padilla et al. (2015) of %Nc = 4.87 × DMP -0.329 was used. This curve was derived from total crop DMP and total crop N content; total crop signifies that the DMP and crop N content measurements at each biomass sampling also included previously removed fruit and pruned material. For muskmelon, the curve of %Nc = 5.16 × DMP -0.63 reported by de Freitas Fogaça et al. (2008) was used to calculate NNI values.
Statistics
For each date of petiole sap [NO 3 − -N] and leaf N determination, linear regression analysis was conducted to evaluate the relationships between (a) each of these determinations and (b) both standing crop N content (as %N) and NNI. Standing crop N content was used for the direct evaluation of sap and leaf N measurements because it was a measure of the N present in above-ground biomass at the time of sampling. NNI was based on total crop N content following the established and widely accepted protocol (Bélanger et al., 1992; Debaeke et al., 2006; Lemaire et al., 2008; Mistele & Schmidhalter, 2008; Ziadi et al., 2008) . It was used as a measure of crop N status to which sap and leaf N data could be related. The coefficient of determination (R 2 ) was used to quantify the precision of sap and leaf N measurements to estimate standing crop N content or NNI. P-values of the fitted model were used to identify statistically significant relationships.
In addition to exploring relationships for each individual date of measurement, data were combined from various dates to establish general relationships between (a) petiole sap [NO The linear regression equations for indeterminate fresh market tomato grown in a greenhouse in SE Spain and for determinate processing tomato grown in open fields in central Italy were compared to assess whether there were statistically significant differences in slope and intercept values. Two relationships were considered sufficiently similar if intercept and slope values were not significantly different at P < 0.01 using the comparison of regression lines module of Statgraphics Centurion XVI (StatPoint Technologies Inc., Warrenton, VA, USA). In this latter case, we used probability at P < 0.01 to maximise integration of comparable relationships. Where two individual equations were sufficiently similar to meet these criteria, a composite equation that integrated the datasets of those individual equations was derived. Subsequently, a linear regression analysis was performed by combining data from indeterminate fresh market tomato (this study) and the determinate processing tomato crops, excluding the first and final samplings in processing tomato (Farneselli et al., 2014) as mentioned previously.
All statistical analyses were conducted with Statgraphics Centurion XVI.
Results
Critical N determination in indeterminate crops
Given the indeterminate nature of the tomato crop and the periodic fruit harvests, an issue was whether to use a CNC based on total crop biomass (including previously harvested fruit and previously pruned material), or a CNC based on standing biomass, that considered only the above-ground plant material removed at biomass samplings (and which excluded previous fruit harvests and pruned material). A CNC of %Nc = 4.74 × DMP -0.355 was derived for standing crop DMP and standing crop N content (Fig. 2a) , using the same data set used by Padilla et al. (2015) to determine the CNC for total crop biomass and total crop N content. The CNCs for indeterminate tomato derived from both total crop and standing crop data were similar, with differences in the derived %Nc value for a given DMP of only 0.13-0.19% N, for DMP values between 1 and 7 Mg ha −1 . The CNC derived from standing crop biomass was more similar to the CNC of %Nc = 4.53 × DMP -0.327 reported for determinate processing tomato by Tei et al. (2002) (Fig.2a) which like standing biomass in the current indeterminate tomato, did not experience pruning and intermediate harvests.
NNI values, obtained using both the CNCs for total crop and standing crop biomass, were compared using integrated NNI values (NNIi, Sadras & Lemaire (2014) ,  Fig. 2b) . NNIi values are the weighted average of NNI values for a treatment throughout a crop. The NNIi values were slightly higher when calculated based on total DMP than on standing DMP; however, the differences in absolute NNIi values were negligible, being on average only 0.04 (Fig. 2b) . The relationships of NNIi values to relative DMP (calculated as the ratio between actual DMP to maximum DMP) for both total and standing dry matter were similar (Fig. 2c) , in both cases a relative DMP value of 1 occurred with a NNIi value of approximately 1.
The similarities in the CNC curves, the NNIi values and the relationships between NNIi and DMP, for total and standing crop data, indicated that NNI values determined with either the total or standing crop CNC curves could be used to characterise crop N status of the indeterminate tomato crop. We chose to use that of the total crop because it included harvested fruit in a similar manner to CNC curves for determinate crops.
Crop N content and crop N status during crops
In both crops, there were consistent differences in measured total crop N content between the four N treatments (Fig. 3a and Fig. 3b) . In indeterminate tomato, differences between treatments occurred from the first biomass sampling after the application of the treatments at 42 DAT, until the end of the crop (Fig. 3a) . In muskmelon, following the commencement of the N treatments (at 23 DAT), differences in measured crop N content between treatments were consistent from 41 DAT onwards (Fig. 3b) . In both crops, there were appreciable differences in total crop N content between treatments N1 and N2, and between N2 and N3 ( Fig. 3a and Fig. 3b) . Treatments N3 and N4 had similar total crop N contents throughout both crops. Total crop N content was positively related to applied N concentration, in both crops. The final crop N content of the N1, N2 and N3 treatments were, on average 59, 73 and 95%, respectively, that of the N4 treatment in tomato, and 56, 71, 89% that of the N4 treatment in muskmelon.
Similar to the measured crop N content, in tomato there were large consistent differences in NNI between treatments from 42 DAT until the end of the crop (Fig. 3c) , and in muskmelon there were large consistent differences in NNI between treatments from 41 DAT onwards (Fig. 3d) . In tomato, treatments N1 and N2 had NNI values of <1 throughout the crop, and treatments N3 and N4 consistently had NNI values >1 (Fig. 3c) . Average NNI values in tomato throughout the period 42-122 DAT were 0.65, 0.84, 1.12 and 1.20 for treatments N1 to N4, respectively. In muskmelon, on DAT 28 all treatments had NNI values <1; thereafter, with the exception of treatment N1 on 41 DAT, all NNI values were >1 (Fig. 3d) . Average values of NNI for the period 41-78 DAT were 1.00, 1.37, 1.72 and 1.98 for treatments N1 to N4, respectively. (Fig. 4a) . Immediately following the commencement of the treatments until 51 DAT, sap [NO 3 − -N] increased in treatments N3 and N4 and decreased sharply in treatments N1 and N2. From 37 DAT onwards, petiole sap [NO 3 − -N] for each treatment were within relatively constant ranges, with some fluctuation, and showed consistent relative differences between N treatments in the order of N4 > N3 > N2 > N1 (Fig. 4a) (Fig. 4a) . Following topping on 72 DAT, petiole sap [NO 3 − -N] decreased in the subsequent sampling (at 79 DAT) in treatments N3 and N4, followed by recovery to values that were similar to those previously obtained during the period 51-65 DAT.
In the muskmelon crop, petiole sap [NO 3 − -N] maintained a consistent pattern of N4 ≈ N3 > N2 > N1 throughout the crop (Fig. 4b) . In general, each treatment consistently maintained values within a narrow range throughout the muskmelon crop, albeit with some appreciable fluctuations in treatments N2 and N3 which are discussed subsequently. Treatment N4 had slightly higher values than N3 on 30 and 72 DAT and relatively much higher values on 44 DAT. In treatment N1 and particularly in treatments N2 and N3 in the sampling immediately after plant topping (at 39 DAT), there was a sharp decrease in petiole sap [NO 3 − -N] followed by a subsequent increase. The average values of petiole sap [NO 3 − -N] throughout the N treatment period (30-72 DAT) of the muskmelon crop were 164, 609, 1160 and 1355 mg NO 3 − -N L −1 for treatments N1, N2, N3 and N4, respectively.
In the indeterminate tomato and muskmelon crops there was a general tendency for leaf N content to decrease during the crop, with some fluctuations in treatments N1 and N2 in tomato (Fig. 4c) and in treatments N1, N2 and N3 in muskmelon (Fig. 4d) . In both crops, relative differences between treatments were very similar to those observed for petiole sap [NO 3 − -N] (Fig. 4a  and Fig. 4b ). Following the commencement of the treatments, there was a consistent, moderate decrease in leaf N content in treatments N3 and N4. In treatments N1 and N2, of tomato, there was an initial rapid decline followed by relatively constant values (Fig. 4c) . In tomato, average values of leaf N content, during the treatment period, were 2.7, 3.4, 4.1 and 4.5% for treatments N1, N2, N3 and N4, respectively. In muskmelon, leaf N content (Fig. 4d) showed the same fluctuations throughout the crop as petiole sap [NO 3 − -N] (Fig. 4b) . Values of leaf N content were very similar in treatments N3 and N4 on the last two sampling dates (Fig. 4d) . In muskmelon, average values of leaf N content, during the treatment period, were 3.4, 4.1, 4.7 and 4.9% for treatments N1, N2, N3 and N4, respectively.
The dynamics of soil solution [NO 3 − ] during the season, at 12 cm depth in the root zone near to the plant, and the relative differences between treatments were similar in the indeterminate tomato (Fig. 4e ) and muskmelon crops (Fig. 4f) (Fig. 4e) . In treatment N3 of muskmelon, soil solution [NO 3 − ] was similar to that of treatments N1 and N2 until 50 DAT after which it steadily increased reaching final values of 8 mmol L −1 (Fig. 4f) .
Relationship of petiole sap [NO 3 − -N] to crop N status
In both the indeterminate tomato and muskmelon crops, statistically significant (P < 0.001) linear relationships of petiole sap [NO 3 − -N] with standing crop N content were obtained for each day of measurement during the periods in which the crops received the different N treatments (Table 1 ; Fig. 5a and Fig. 5b ). The relationships were very strong throughout the tomato crop with R 2 values of 0.88-0.95 (P < 0.001), and throughout the muskmelon crop with R 2 values of 0.85-0.91 (P < 0.001), with the exceptions of 79 DAT in tomato (R 2 = 0.75, P < 0.001) and 30 DAT in muskmelon (R 2 = 0.66, P < 0.001; Table 1 ). Petiole sap [NO 3 − -N] was strongly linearly related to NNI for each day of measurement throughout the indeterminate tomato crop (Table 1; Fig. 5c ), and to NNI for much of the muskmelon crop (Table 1 ; Fig. 5d ). In indeterminate tomato, the individual linear relationships of petiole sap [NO 3 − -N] with NNI for each date were statistically significant at P < 0.001 with R 2 values of 0.85-0.95 (Table 1 ). In muskmelon, the individual linear relationships of petiole sap [NO 3 − -N] with NNI for each date were statistically significant at P < 0.001 with R 2 values of 0.75-0.88 for all dates, with the exception of the first measurement date of 30 DAT (R 2 = 0.17, P > 0.1) ( Table 1) .
In tomato, the slope of the linear relationship between petiole sap [NO 3 − -N] and standing crop N content decreased appreciably with time (Fig. 5a ). In contrast, the slope of the relationship between petiole sap [NO 3 − -N] and NNI for indeterminate tomato was relatively constant for all individual measurement dates, being 0.0003-0.0005 (Table 1) . The intercept values for the relationship between petiole sap [NO 3 − -N] and NNI for indeterminate tomato were also relatively constant for all individual sampling dates, being 0.50-0.67 (Table 1) . A single linear relationship y = 0.0004x + 0.56 with R 2 of 0.81 and P < 0.001 described the relationship between petiole sap [NO 3 − -N] and NNI for the five sampling dates of the greenhouse-grown indeterminate tomato crop (Table 3) .
Re-analysis of data of Farneselli et al. (2014) , with linear regression analysis, for field-grown processing tomato in Italy showed strong and statistically significant (P < 0.05) linear relationships between petiole sap [NO 3 − -N] and NNI for all individual sampling dates in the 2006 and 2007 crops (Table 2; Fig. 5e and Fig. 5f ). On 7 of 10 sampling dates, these relationships were significant at P < 0.01 or better (Table 2) . Linear regression analysis of all data in each of the 2006 and 2007 crops produced a general linear relationship for each year; both were statistically significant at P < 0.001 with R 2 values of 0.32-0.36 (Table 3) .
For processing tomato, the slopes of the linear relationship between petiole sap [NO 3 − -N] and NNI for the last sampling date in 2006 and for the last two sampling dates in 2007 were appreciably different from the other sampling dates in each year (Table 2; Fig. 5e and Fig. 5f ). This was presumably related to the cessation of N application towards the end of these crops and that these crops were determinate crops in the phase of fruit ripening. Similarly, linear relationships of the first sampling date in each year (30 DAT) were appreciably different from subsequent relationships, which suggest that there may be a different relationship during crop establishment. Also, that all NNI values at 30 DAT were considerably <1 in both 2006 and 2007, and in most cases were <0.6 (Fig. 5e and Fig. 5f ) suggested appreciable N deficiency in all treatments on 30 DAT in both years. For the period of 42-71 DAT in 2006, the linear regression y = 0.0005x + 0.59 described the data set (R 2 = 0.80, P < 0.001; Table 3 ); and for the period 42-57 DAT in 2007, the linear regression y = 0.0004x + 0.53 described the data set (R 2 = 0.80, P < 0.001; Table 3 ). These two sets were combined to form a single equation for processing tomato of y = 0.0004x + 0.59 (R 2 = 0.70, P < 0.001; Table 3 ). The single equation describing the relationship between petiole sap [NO 3 − -N] and NNI for processing tomato grown in open field conditions in central Italy was compared with the equivalent equation for fresh market indeterminate tomato grown in a greenhouse in SE Spain, described previously. The slopes and intercepts of the two equations were not statistically different at P < 0.01. Combining the data of the fresh market indeterminate tomato crop and the field-grown, processing determinate tomato crops of both 2006 and 2007 (n = 120), a general linear relationship relating petiole sap [NO 3 − -N] (x) to NNI (y) of y = 0.0004x + 0.57 was derived with a R 2 of 0.77 which was statistically significant at P < 0.001 (Table 3 ; Fig. 6 ). This equation is for entire tomato crops excluding the initial establishment and final fruit production phases in determinate crops. Tables 1 and 2 .
corresponding to NNI = 1 (Fig. 6) , this was rounded out to 1050 mg NO 3 − -N L −1 . This threshold value does not include the early establishment and final fruit production phases in determinate crops. In muskmelon, apart from the first sampling at 30 DAT, linear relationships between petiole sap and NNI were very similar to one another in terms of slope and intercept (Fig. 5d) . A single linear relationship of y = 0.0007x + 0.9971 (R 2 = 0.77, P < 0.001) described the relationship for the period 44-72 DAT. Unlike tomato, sap sufficiency values could not be derived for muskmelon from this single relationship between petiole sap [NO 3 − -N] and NNI because NNI values were in most cases >1.
Relationship of leaf N content to crop N status
In greenhouse-grown indeterminate tomato and muskmelon, the individual relationships between leaf Table 2 Linear regressions relating petiole sap [NO 3 − -N] to nitrogen nutrition index (NNI) for field processing tomato in Italy (Farneselli et al., 2014 0.65* ***Statistically significant at P < 0.001; **statistically significant at P < 0.01; *statistically significant at P < 0.05. N content and standing crop N content for each day of measurements were statistically significant at P < 0.001 with R 2 values of 0.88-0.96 in indeterminate tomato and of 0.71-0.88 in muskmelon, indicating very strong relationships (Table 1 ; Fig. 7a and Fig. 7b ). An exception was the relationship for 79 DAT (R 2 = 0.58) in indeterminate tomato (Table 1) . In indeterminate tomato, the slope of the relationship between leaf and standing crop N content tended to decrease moderately with time while intercept values were consistently close to zero (Fig. 7a) . In muskmelon, the slope tended to increase with time and there were appreciable differences in intercept values (Fig. 7b) . In both crops, a given leaf N content tended to be associated with a progressively lower standing crop N content as the crop grew due to a dilution effect in older tissue.
Statistically significant linear relationships were obtained between leaf N content and NNI for tomato with R 2 values of 0.84-0.96, with the exception of 79 DAT (R 2 = 0.57, P < 0.05) ( Table 1 ; Fig. 7c ). Statistically significant linear relationships were obtained between leaf N content and NNI for muskmelon with R 2 values of 0.88-0.93, with the exception of 30 DAT (R 2 = 0.36, P < 0.05) (Table 1; Fig. 7d ). In indeterminate tomato, the slopes of the linear relationships between leaf N content and NNI were relatively constant and there was some moderate variation in intercept values (Table 1, Fig. 7c ). In muskmelon, slopes tended to increase with time and there was appreciable variation in intercept values (Table 1, Fig. 7d ).
Relationship of soil solution [NO 3
− ] to crop N status
There was a slightly positive linear relationship between soil solution [NO 3 − ] and crop N status in the indeterminate tomato crop (R 2 = 0.33, P < 0.001, Fig. 8a ). This relationship (y = 0.005x + 0.886) had a nearly horizontal slope (Fig. 8a) , indicating that NNI values hardly changed with increasing values of soil solution [NO 3 − ]. For muskmelon, the relationship was described by a sigmoidal function (R 2 = 0.66, P < 0.001, Fig. 8b) ; there was a dispersion of NNI values at soil solution [NO 3 − ] values close to zero and a tendency for NNI values to increase slightly across the range of higher soil solution [NO 3 ] values (Fig. 8b) .
Discussion
The very strong relationships between (a) petiole sap [NO 3 − -N] and NNI in indeterminate tomato and (b) between petiole sap [NO 3 − -N] and NNI in muskmelon, throughout much of the growing seasons of both crops, suggested that in these crops that sap analysis was a good indicator of crop N status. Sap [NO 3 − -N] has been reported as being a sensitive indicator of crop N status in diverse vegetable crops such as processing tomato (Farneselli et al., 2014) , pepper (Olsen & Lyons, 1994) , and broccoli (Belec et al., 2001) . − -N] and NNI for both indeterminate and processing tomato grown with fertigation. This general linear relationship was for the entire indeterminate tomato crop and for the period of maximum growth of processing tomato which excluded the initial establishment period and the final period of fruit maturity when leaf ageing presumably affected the relationship. The general linear relationship enabled estimation of a sufficiency value for fertigated tomato of ≈1050 mg NO 3 − -N L −1 which corresponded to an NNI value of one.
It has been commonly reported that petiole sap [NO 3 − -N] of vegetable crops declines continuously throughout a crop (Prasad & Spiers, 1985; Hochmuth, 1994; Goffart et al., 2008 (Prasad & Spiers, 1985; Hochmuth, 1994) . Hochmuth (1994) reported that petiole sap [NO 3 − -N] declined less in tomato grown in greenhouse conditions than in open field conditions. The data of the current study and Hochmuth (1994) suggest that petiole sap [NO 3 − -N] may be more constant throughout greenhouse-grown crops. Continuous N application by fertigation may also have contributed to sap [NO 3 − -N] being more stable throughout the indeterminate tomato and the muskmelon crops.
The derivation of a general sufficiency value for tomato contrasts observations with carrot (Westerveld et al., 2007) and broccoli (Belec et al., 2001 ) that standard sufficiency values could not be established for a species because of variability among years, cultivars and soil types. It may be that the regular application of N by combined fertigation and drip irrigation reduces the effects of otherwise influential factors on the relationship between sap [NO 3 − -N] and NNI. The sufficiency value for sap [NO 3 − -N] of tomato, derived in the current work, of 1050 mg L −1 is generally consistent with sufficiency values for tomato in the literature. Prasad & Spiers (1985) reported, for open field tomato, that sufficiency values were initially 900-1300 mg NO 3 − -N L −1 and were lower later in the crop. Reported sufficiency ranges for greenhouse tomato in Florida were 1000-1200 mg NO 3 − -N L −1 from transplant to second cluster, 800-1000 mg L −1 from second to fifth cluster and 700-900 mg L −1 for the harvest season (Hochmuth, 1994) . For open field tomato, Hochmuth (1994) reported similar initial values but with a more rapid decline to relatively lower values.
In muskmelon, a single linear relationship between sap [NO 3 − -N] and NNI described the data on three of four measuring dates. The exception was the first sampling date of 30 DAT as occurred with both of the processing tomato crops (Fig. 5e and Fig. 5f ); these data suggest that there may be an initial establishment period when another relationship may be required. In the muskmelon crop, the intercept values of NNI of the general linear equation and the individual equations for each date were all close to one, and the highest NNI values of 2.0-2.3 were appreciably larger than the NNI values determined for either indeterminate or processing tomato. These observations suggest that there is some uncertainty regarding the coefficients of the strong linear relationship that described all data from three of the four sampling dates for muskmelon. Given this uncertainty, it was not possible to derive a threshold value for muskmelon. Although the linear relationships between sap [NO 3 − -N] and NNI for muskmelon cannot be regarded as being fully quantitative, the consistent strong linear relationships on three of four measuring dates indicated that sap [NO 3 − -N] is strongly and consistently related to muskmelon crop N status.
The very strong relationships, for individual measurement dates, in (a) the indeterminate tomato crop between leaf N and both NNI and crop N content, and (b) in the muskmelon crop between leaf N and both NNI and crop N content, demonstrated that leaf N content was also a sensitive indicator of crop N status. This agrees with previous work with drip-irrigated processing tomato where leaf N content was strongly related to whole plant 
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N content (Hartz & Bottoms, 2009 ). The lack of constancy in the relationship of leaf N content to standing crop N content in both the indeterminate tomato and the muskmelon crops is likely to be due to several factors such as the relatively larger progressive dilution of N in lower shaded leaves compared to upper leaves, ageing of the upper leaves following topping, pruning, particularly of lower leaves in tomato, and different degrees of translocation of N from lower leaves between treatments over time. Olsen & Lyons (1994) observed that leaf N content was well related to crop N status of pepper; however, they reported that sap [NO 3 − -N] was much more sensitive than leaf N content to assess crop N status. In the present study, the strength (R 2 values) of the relationships of both petiole sap [NO 3 − -N] and leaf N content with crop N status were similar indicating that they were similarly good indicators of crop N status.
Given that with sap analysis, a single linear relationship described the relationship with NNI for all or much of three individual tomato crops whereas several different equations were required for leaf N content for a single crop, petiole sap appears to be a more suitable parameter for practical use. Olsen & Lyons (1994) commented that because sap NO 3 − -N is extracted from conducting tissue rather than structural tissue it is a more direct measurement of current N supply compared to leaf N content which could remain constant for short periods, even though the crop was experiencing a notable short-term deficiency or excess of N. Additionally, sap [NO 3 − -N] can be measured on the farm using rapid analysis systems (Thompson et al., 2009; Parks et al., 2012) , whereas leaf N requires laboratory analysis. For these various reasons, it is suggested that sap [NO 3 − -N] is preferable to leaf N analysis because it enables rapid and sensitive assessment of crop N status of fertigated tomato and muskmelon crops.
Indeterminate tomato like some other vegetable crops grown in greenhouses has a growth pattern characterised by the lack of a clear distinction between vegetative and reproductive phases, with simultaneous production of vegetative and reproductive organs. Topping (i.e. the elimination of the apical meristem) is conducted in spring-grown tomato and muskmelon in the middle part of the cropping season to stop production of new fruit clusters and to facilitate the ripening of existing fruits. In both the indeterminate tomato and muskmelon crops of the present study, a sharp decrease in petiole sap [NO 3 − -N] and leaf N content occurred immediately after topping, and then increased subsequently. Removal of the apical meristem may induce changes in the distribution of assimilates and nutrients within the plant, which may affect transport of N within conducting tissue such as of sap NO 3 − -N in petioles. Crop N uptake was 160 kg N ha −1 for the N1 treatment in tomato (Soto et al., 2015) and 119 kg N ha −1 for this same treatment in muskmelon (Padilla et al., 2014) . Given that (a) crop N uptake was larger than the amount of applied N in the N1 treatment (27 and 34 kg N ha −1 for tomato and muskmelon, respectively), and (b) soil solution [NO 3 − ] in the dripper area was consistently close to zero, it is clear that crops were able to obtain appreciable amounts of N from sources other than the mineral fertiliser N applied by fertigation. In these two crops, N mineralised from a large manure application at greenhouse construction was an appreciable source of N; the estimated average daily N mineralisation rates were 0.99 kg N ha −1 day −1 during the tomato crop (Soto et al., 2015) and 1.06 kg N ha −1 day −1 during the muskmelon crop (unpublished data). The N mineralised from manure would have been distributed horizontally throughout the greenhouse soil. Presumably, mineralised N within the dripper area, where there was a proliferation of roots, would have been rapidly absorbed soon after mineralisation. The lateral roots that extended outside of the dripper area in both crops would also have absorbed mineralised N. Minimum threshold values could not be established for soil solution [NO 3 − ] sampled within the localised bulb of soil water and nutrients supplied through the drip emitters, because of (a) the rapid depletion of [NO 3 − ] within this zone, and (b) that appreciable amounts of N from sources other than mineral fertiliser were made available to the crop from outside of this zone.
In previous work in the same vegetable production system (Gallardo et al., 2006; Granados et al., 2013) , soil solution [NO 3 − ] in the immediate root zone of pepper crops, with autumn-winter growing cycles, was maintained within recommended ranges for slower growing, autumn-winter cycle crops. Maintaining soil solution [NO 3 − ] within recommended ranges appears to be appreciably more difficult with faster-growing spring crops such as muskmelon where more rapid depletion of soil solution [NO 3 − ] can occur, than with autumn-winter grown crops. The on-going increases in soil solution [NO 3 − ] in treatments receiving higher N concentrations, in the present study, were presumably associated with accumulation of soil mineral N, suggesting that increasing soil solution [NO 3 − ] is indicative of excessive N application. The current results suggest soil solution [NO 3 − ] within the main root zone is not a reliable indicator of crop N status, as no consistent soil solution [NO 3 − ] value could be associated with deficient (NNI < 1.0) or adequate (NNI ≈ 1) crop N status in tomato, nor with excessive N consumption (NNI > 1.0) in muskmelon.
Of the three systems of monitoring crop/soil N status examined in the present work, both petiole sap [NO 3 − -N] and leaf N content were sensitive to crop N status of tomato and muskmelon. Given its sensitivity to crop N status and the various practical advantages described previously, petiole sap [NO 3 − -N] is suggested to be an effective and practical method for monitoring crop N status of tomato and muskmelon. Considerable care needs to be taken when extracting, handling and analysing plant sap to ensure viable results (Hochmuth, 1994) .
Further work is required to verify the petiole sap sufficiency value for tomato suggested in the present work, and to establish sufficiency values for muskmelon with treatments that include NNI values of <1. To establish such treatments, the relation between N supply and crop N demand (at critical N status) is the determining factor (Lemaire & Gastal, 2009 ). In the current study, total N supply to muskmelon from N mineralised from manure (1.06 kg N ha −1 day −1 ) and from N applied by fertigation (0.55 kg N ha −1 day −1 during for 41-78 DAT) was similar to the crop N demand (at critical N status) in the N1 treatment (1.10 kg N ha −1 day −1 for 41-78 DAT) which resulted in the intended very N deficient N1 treatment being an N sufficient treatment (NNI ≈ 1). In tomato, which had a much higher crop N demand (1.97 kg N ha −1 day −1 for the N1 treatment, for 42-122 DAT), total N supply from N mineralised from manure (0.99 kg N ha −1 day −1 ) and from N applied by fertigation (0.25 kg N ha −1 day −1 during 42-122 DAT) was less than the crop N demand (at critical N status) in the N1 treatment, and consequently the NNI values were <1.
Conclusions
This study demonstrated that both, petiole sap [NO 3 − -N] and leaf N content are sensitive indicators of crop N status in greenhouse-grown indeterminate tomato and muskmelon. As a practical method to assess crop N status, petiole sap [NO 3 − -N] is preferable to leaf N content as it: (a) assesses crop N status at the time of sampling and (b) can be analysed with on-farm quick tests. 
